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ABSTRACT 
 
Interest in quantum dot mode-locked lasers (QD MLLs) has grown in recent years since their first demonstration in 2001 
as applications for optical time domain multiplexing, arbitrary waveform generation, and optical clocking are 
anticipated.  Ultrafast pulses below 1 ps have been reported from QD MLLs using intensity autocorrelation techniques, 
but so far detailed characterization examining the pulse shape, duration, chirp, and degree of coherence spiking in these 
lasers has not been carried out.   We describe the first direct frequency-resolved optical gating (FROG) measurements on 
a QD MLL operating at a repetition rate of 5 GHz. 

 
Keywords: ultrafast, quantum dot, mode-locked lasers, pulse characterization 
 
 

1. INTRODUCTION 
 
As the speed of microprocessors using electrical clock distribution increases, the limitations of copper-based metal 
interconnects become more apparent. With the silicon CMOS feature size shrinking from today’s state-of-the-art of 32 
nm, speed bottlenecks due to RC delays on the chip and increasing electrical power consumption are expected to become 
serious problemsi, ii. There is renewed interest in semiconductor MLLs as sources for multi-gigahertz, ultra-short optical 
pulse generation. The compact size, low cost, low power consumption, and direct electrical pumping of semiconductor 
monolithic mode-locked lasers make them promising candidates for inter-chip/intra-chip clock distributioniii, iv as well as 
other applications including high bit-rate optical time division multiplexingv-ix, high speed electro-optic samplingx, and 
impulse response measurement of optical components. However, the compact diode laser pulse sources have generally 
not been able to match the pulse quality of the best mode-locked lasersxi. They suffer from longer pulse durations, 
impaired stability, asymmetric pulses, chirped spectra and compromised peak power. To improve the characteristics of 
semiconductor mode-locked lasers, detailed pulse analysis is requiredxii. 

Ultrafast pulses from QD MLLs have been reported as short as 393 fs using intensity autocorrelation techniquesxiii, but 
only fairly recently has detailed characterization examining the pulse shape, duration, chirp, and degree of coherence 
spiking in these lasers been conducted xiv - xvii .  In this work direct frequency-resolved optical gating (FROG) 
measurements on a QD MLL operating at a repetition rate of 5 GHz with typically 5-10 ps pulses. Since commercially 
available FROG devices lack the sensitivity required to measure the output pulses from QDMLLs, we built a unique, 
ultra-sensitive second-harmonic-generation FROG system. Good pulse retrievals were obtained from an 8.2-mm cavity 
length QD MLL that has a 1.1-mm long saturable absorber at average powers up to about 5-10 mW.  FROG traces at 
higher average powers contained coherence spikes.  These features are well known in intensity autocorrelations and are 
usually caused by laser instabilities, which are always “coherent” at zero time delay, causing a large and fictitiously 
narrow peak to occur. Unlike intensity autocorrelation, however, FROG is not susceptible to confusing these coherence 
spikes with the actual pulse width of the laser. In addition, the data shows a clear pulse asymmetry corresponding to a 
fast rise and slow fall time.  The mostly linear chirp in the pulses indicates that recompressing the output can produce 
sub-picosecond pulses. 
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2. DEVICE DESIGN, FABRICATION AND TEST SETUP 
2.1 Device structure  

 
Fig. 1. The epitaxial structure of the 6-stack DWELL laser designed for high average power operation. An 8-stack 
version was also studied. 

 

2.1 Multi-layer DWELL laser structure 
The multi-layer DWELL laser structure is grown by molecular beam epitaxy (MBE) and consists of either 6 or 8 stacks 
of dots in the active region. The layers are composed of an n-type (1018 cm-3) 300-nm-thick GaAs buffer, an n-type lower 
AlxGa1-xAs (x=0.2) cladding layer, a GaAs core waveguide, a p-type upper cladding layer, and a p-doped (3�1019 cm-3) 
60-nm-thick GaAs cap. The cladding layers are doped at 1017 cm-3 and are each 2-�m thick. In the center of the 
waveguide, 6 or 8 DWELL layers with 29 nm GaAs barriers were grown. QDs formed from about 2 monolayers of InAs 
are confined in the middle of a 10 nm thick In0.15Ga0.85As QW in each layer. The QD’s and QW were typically grown at 
500 �C, as measured by an optical pyrometer. The QD’s formed under these conditions have an areal density of about 
3�1010 cm-2, a base diameter <40nm, and are 7 nm high. Detailed descriptions of the DWELL growth technique can be 
found elsewherexviii,xix. A schematic of the 6-stack DWELL version is shown in Fig. 1. A typical InAs DWELL laser 
structure has an internal loss of 1-2 cm-1 and a maximum net modal gain of 2-3 cm-1 per QD layer. 

2.2 Device fabrication 
The devices are typical 2-section ridge-waveguide lasers with a ridge width of 3.5 μm as shown in Figure 3. Devices 
were fabricated according to standard multi-section device processingxx. After the first lithography with the ridge-
waveguide-mask, the sample was etched to form 3-�m wide, 1.8-�m deep ridges by inductively coupled plasma (ICP) 
etching in BCl3. Then a BCB layer was applied for isolation between the p-type metal and the etched cladding layer. The 
two-section contact mask was used to make photoresist patterns for the p-type metal deposition and ion implantation. 
After depositing Ti/Pt/Au to form the p-metal contact, an isolation between the adjacent sections was provided by proton 
implantation, with an isolation resistance of >10 M�. After the substrate had been thinned and polished, a Au/Ge/Ni/Au 
n-metal contact was deposited on the backside of the n+-GaAs substrate and annealed at 380�C for 1 minute to form the 
n-ohmic contact. A temperature greater than 380�C can crack the BCB. Another Ti/Au metal layer was deposited for n-
side mounting, and then the sample was cleaved to form devices with a short absorber section and long gain section. In 
this work, the InAs DWELL MLL has a 1.2-mm absorber section and a 6.8-mm gain section. The cleaved facet near the 
absorber section was HR-coated (R�95%) to create self-colliding pulse effects in the saturable absorber for pulse 
narrowing. The other facet was low reflection (LR)-coated (R�15%). The devices were mounted on copper heatsinks, 
and for all the results presented in this paper, the measurements were performed at a controlled substrate temperature of 
20oC if not specified. 
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2.3 The mode-locked laser measurement setup 
The operational characteristics of MLLs that are measured include the repetition rate, the optical pulse width, the optical 
spectrum, the peak power, and the threshold current. The test setup includes two main blocks: an electrical-pumping 
block, and a signal-detection block, as shown in Fig. 2. A DC power source was used to apply a reverse bias on the 
absorber, and a laser diode controller was used to pump the gain section. An integrated optical head mounted on a 5-axis 
precision linear stage was used to collect the output emission of the mode-locked laser. The integrated optical head 
consists of a polarization-maintaining fiber (PMF) pigtail, a collection lens, and an isolator. The lens focuses the output 
light into the PMF through the isolator, which is used to avoid interference effects. The collected emission is fed into 
either the autocorrelator (Femtochrome FR-103XL) or the FROG system to measure the pulse width, and the optical 
spectrum analyzer to measure the optical spectra through fiber couplers. An RF spectrum analyzer (HP8563E) measures 
the repetition rate. The light-current (L-I) characteristics can be obtained if the optical head is replaced with an 
integrating sphere and photodetector. 

 

 
Fig. 2 Schematic diagram of the mode-locked laser measurement setup.  The autocorrelator can be exchanged with the 
FROG system. 

3. EXPERIMENTAL RESULTS 
3.1 Basic Characteristics of the InAs DWELL MLLs 
Some unique characteristics of QD lasers, such as the ultra-broad bandwidth, ultra-fast gain dynamics, easily saturated 
absorption, strong inversion, low alpha parameter and wide gain bandwidth, make them an ideal choice for 
semiconductor monolithic mode-locked lasersxxi-xxiv. Also the 1.24-�m emission wavelength, which is transparent to Si 
waveguides and detectable by SiGe photodetectors, makes the InAs QD mode-locked lasers suitable for Si-based 
optoelectronic integrated-circuitsxxv, xxvi.  

To improve the peak and average powers, a low confinement factor waveguide with 20% AlGaAs cladding layers was 
designed in the InAs DWELL laser structure. Fig. 3 shows the pulse characteristics of the high power QD passive MLL 
module at 20�C as a function of the gain current and the absorber bias voltage. As the map shows, with an absorber bias 
of -5 V, the device produced 5 GHz optical pulses with a pulse width of less than 10 ps and a peak power of more than 
550mW over a wide operating gain current range of 190 to 300 mA.  There is small range of operation around a bias 
current of 270 mA and -5V on the absorber at which the peak power exceeds 1 W primarily because the pulse width 
abruptly narrows to less than 6 ps.  This abrupt change in operational behavior could easily be an artifact of the 
autocorrelation measurement as will be described below. Fig. 4 displays the L-I curve and the optical spectrum under an 
absorber bias of -5V. The lasing occurred at the QD ground state (� = 1240 nm) with a forward scan turn-on threshold of 
160 mA, corresponding to a threshold current density of approximately 580 A/cm2. Under a gain current of 270 mA and 
an absorber bias voltage of -5V, the device had a pulse width (�t) of 5.7 ps as shown in Fig. 5 (b) according to the 
intensity autocorrelator. The electrical spectrum under the same bias conditions is shown in Fig. 5 (a), and the repetition 
rate f is 4.97 GHz. Therefore, the laser achieved a high peak power of 1.04 W, which is about 5 times higher than the 
peak power (�200 mW) of QD MLLs with a high confinement factor waveguide1.  
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(a) (b) 

Fig. 3 (a) Pulse width and (b) peak power mapping of the high-power QD passive MLL chip at 20�C with a reverse bias 
of 0-5 V and a gain current of 100-300 mA. 

 

 

 
(a) (b) 

Fig. 4 The CW L-I characteristics (a) and optical spectrum (b) of a 1240 nm QD passive MLL under absorber bias of -5 
V. For the optical spectrum, the gain current is 270 mA. 

 

 
(a) (b) 

Fig. 5 Mode-locked optical pulse characteristics of the high-power QD passive MLL module at 20�C with a reverse bias 
of 5V and a gain current of 270 mA. (a) Electrical spectrum showing a pulse repetition rate of 4.97 GHz. (b) The auto-
correlation signal showing a pulse width of 5.7 ps. The inset figure shows the 4th harmonic electrical spectrum with a 
span of 10 MHz. 
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3.2 Frequency Resolved Optical Gating (FROG) setup and measurements 
From a 5-GHz repetition rate device made from the 8-stack QD wafer, the optical output was collected with an optical 
head, which integrates a lens, an isolator and a short 1-m single-mode polarization maintaining (PM) fiber pigtail, and 
then coupled into the FROG system through the PM fiber. The FROG system includes a Femtochrome autocorrelator 
and a scanning monochromator as shown in the Fig. 6. The autocorrelator generates a background-free second harmonic 
generation (SHG) signal using a 1-mm thick LiIO3 crystal. The SHG signal was guided out of the autocorrelator and 
coupled into the monochromator with a set of mirrors and lenses. The mirror inside the autocorrelator is removable, 
which permits intensity autocorrelation to be evaluated also. The SHG signal in the monochromator was spectrally gated 
and detected by a highly sensitive photomultiplier tube (PMT) that is placed at the output slit. The resulting electronic 
signal from the PMT was amplified with a low-noise current preamplifier and then recorded with a digital oscilloscope. 
By scanning the grating in the monochromator, SHG FROG traces were obtained with a computer. 

 

The pulse shapes of the 8-stack laser that were obtained from the autocorrelator are shown in the Fig. 7(a). The data 
show symmetric pulses of 7.2 – 9.0 ps at gain currents of 100mA – 110 mA and a reverse bias of -4 V, which correspond 
to 5.0 to 6.3 ps pulses assuming a Gaussian pulse shape. The optical spectrum of the MLL has a 4.3-nm FWHM. The 
time bandwidth products are about 4.2–about 12 times higher than their transform limit. Thus, with the intensity 
autocorrelation, we strongly suspect that the pulse is chirped, but it cannot be determined if this is due to dispersion or 
nonlinear effects. 

FROG traces were obtained with different gain-currents and reverse biases. With a reverse bias of 3.5V-4V on the 
saturable absorber, good pulse retrievals were obtained at drive currents from 100-115 mA on the gain section of the QD 
MLL.   Time domain pulse intensity profiles derived from the pulse retrievals for the FROG traces are shown in Fig. 
7(b) at four different drive currents with an absorber bias of 4V. As the drive current increases, the length of the pulse 
stays constant until 115 mA drive. The lower drive current pulses are about 5-6 ps long while the 115 mA drive case is 
about 7-8 ps long. In all cases, a clear pulse asymmetry is observed. Since there is a time direction ambiguity in SHG 
FROG, the FROG measurements alone cannot determine which edge is the leading edge of the pulse. However, the 
differential absorption is much higher than the differential gain under these operating conditions. Hence the pulse should 
have a faster leading edge and a slower trailing edge. 

Figure 8 shows the time domain phase of the retrieved pulses. They are relatively consistent from pulse to pulse. The 
data indicates that the pulses from the QD MLL are mainly linearly-chirped.  These measurements indicate that 
operational conditions exist for the QD MLL for which the pulses are well-behaved and completely recompressible. The 
transform limited pulse width was determined to be about 600 fs by mathematically removing the spectral phase.  While 
the bandwidth would support 300 fs pulses, spectral structure limits the ultimate pulse duration. 
An SHG FROG trace from the monolithic mode-locked QD laser with a gain current of 105 mA and a reverse bias of 
3.5V on the absorber is shown in Fig. 9(a). (The SHG FROG traces are symmetrized about t=0 before inversion.) The 
corresponding spectrogram of the pulse retrieved from this FROG trace is shown in Fig. 9(b).  

 
Fig. 6. Schematic diagram of the FROG system. 
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FROG traces from higher drive currents (>120 mA) contained coherence spikes. Such features are well known in 
autocorrelation traces and are believed to be caused by laser instabilities.  This idea is corroborated by the inability of the 
phase retrieval algorithm to converge for FROG traces containing coherence spikes. They occur because even random 
noise is always “coherent” at zero time delay, causing a large spike to occur at zero time delay, where the pulse replicas 
are overlapped exactly.  In the case of true noise, the correlation function goes to zero at non-zero time delays.  Non-
random features have non-zero, but lower correlation values at non-zero time delay.  If the pulse breakup is stable, then 
patterning of the FROG trace will appear, along with structure in the autocorrelation. Such patterning was not observed 
indicating that the pulse structure was not stable. 

With the bias held at -3.5V, as the operating current is increased, the mode-locked pulse begins to break up. The pulse 
splits in two at a gain current of 130 mA as shown in the spectrogram in Fig. 10(b). This pulse break up is a typical 
failure mode of mode-locking in these laser systems. These results appear inconsistent with a completely 
inhomogeneously broadened system. “Pulse break-up” in this manner is consistent with the idea that quantum dots close 
in energy are coupled together. Therefore, from the pulse measurement data, it appears that there is homogeneous 
broadening in the QD system that has a FWHM of roughly 1-2 THz. 

 
Fig. 7. The optical pulse shape of the device with different gain currents and a reverse bias of 4V applied on the 1-mm 
absorber of the 8-stack laser. (a) Pulse shapes obtained from intensity autocorrelations. (b) Time domain intensity 
profiles of the retrieved pulses from a series of FROG traces with an absorber bias of 4 V and drive currents from 100 
mA to 115 mA. 

 
Fig. 8. Time domain phase of the retrieved pulses shown in Figure 7(b). 
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4. CONCLUSIONS  
 

Quantum dot mode-locked lasers (QD MLLs) has sparked great interest since their first demonstration in 2001 as 
applications for optical time domain multiplexing, arbitrary waveform generation, two-photon sources, and optical 
clocking are anticipated.  Ultrafast pulses from QD MLLs have been reported as short as 393 fs using intensity 
autocorrelation techniques, but detailed characterization examining the pulse shape, duration, chirp, and degree of 
coherence spiking in these lasers had been absent until recently. In this work, direct frequency-resolved optical gating 
(FROG) measurements on a QD MLL operating at a repetition rate of 5 GHz with typically 5-10 ps pulses have been 

 
 

Fig. 9 (a) The SHG FROG trace from the 8-stack monolithic mode-locked QD laser with a gain current of 105mA 
and a reverse bias of 3.5V. (b) The spectrogram of the pulse retrieved from the SHG FROG trace shown in (a). 

 
Fig. 10. (a) The SHG FROG trace from the 8-stack monolithic mode-locked QD laser with a gain current of 
130mA and a reverse bias of 3.5V. (b) The spectrogram of the pulse retrieved from the SHG FROG trace shown in 
(a). 
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described. Since commercially available FROG devices lack the sensitivity required to measure the output pulses from 
QD MLLs, an ultra-sensitive second-harmonic-generation FROG system has been constructed. Good pulse retrievals 
were obtained from an 8.2-mm cavity length QD MLL that had a 1.1-mm long saturable absorber at average powers up 
to about 5-10 mW.  FROG traces at higher average powers contained coherence spikes.  These features are well known 
in intensity autocorrelations and are usually caused by laser instabilities, which are always “coherent” at zero time delay, 
causing a large and fictitiously narrow peak to occur. Unlike intensity autocorrelation, however, FROG is not susceptible 
to confusing these coherence spikes with the actual pulse width of the laser, and unambiguous measurement of the pulse 
shape and chirp can be obtained.  The data showed a clear pulse asymmetry corresponding to a fast rise and slow fall 
time that has not been reported before.  The mostly linear chirp in the pulses indicated that recompressing the output can 
produce sub-picosecond pulses. 
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